ABSTRACT: Tidal marshes have been previously shown to affect fluxes of carbon and nutrients in adjacent estuaries by acting as sources, sinks or transformers of compounds transported in water exchanged between the marsh and estuary. Relative to information on the amount and direction of these exchanges, much less is known about the distribution and fate of the distinctive dissolved organic compounds derived from marshes, and the spatial extent to which this 'marsh signature' affects optical and biogeochemical variability in the estuary. In the present study we address the spatial distribution of both dissolved organic carbon (DOC) and dissolved inorganic carbon (DIC), as well as other biogeochemical components, in the Rhode River estuary-marsh complex of the Chesapeake Bay. High-spatial-resolution transects showed that the marshes are a major source of DOC, DIC and pCO 2 to the adjacent estuary and atmosphere, and that they seem to trap algae and other suspended particulate matter while releasing high-molecular-weight, aromatic-rich, highly colored dissolved organic matter (CDOM) into the estuary through tidal flushing. These processes result in strong variability in water characteristics considerably beyond the marsh-estuary interface. Non-conservative mixing in CDOM with salinity was probably due to both intense processing of the more labile marshexported components, as well as to mixing with other terrestrial and wetland inputs into the estuary. Despite the possible role of the adjacent subtidal mudflat as a sink for some of the material released from the marshes, the marsh signature was distinguishable from the regional estuarine background over a distance of more than 1 km into the river.
INTRODUCTION
Located at the interface between aquatic and terrestrial environments, coastal tidal marshes are hot spots of biogeochemical transformation and exchange, affecting estuarine water quality, trophic structure and ecology. Dating back to the late 1950s, the Outwelling Hypothesis (Kalber 1959 , Odum 1961 , Teal 1962 proposed that highly productive salt marshes hydrologically export organic matter and nutrients to estuaries and coastal waters, providing food resources that support marine productivity in coastal systems. This hypothesis, although later challenged (Woodwell et al. 1977 , Nixon 1980 , Wiegert et al. 1981 , Childers et al. 1993 , was extensively used for conservation and management of the coastal zone. The potential for marsh areas to act as 'filters' that retain toxic substances and suspended sediments (Valiela et al. 1973 , Sloey et al. 1978 provided another argument for salt marsh protection and restoration. These concepts about the role of tidal marshes as sources, sinks and transformers of nutrients, carbon and pollutants have since been tested by a number of studies in various marsh-estuarine environments and geomorphological settings (Nixon 1980 , Dankers et al. 1984 , Whiting et al. 1989 , Dame et al. 1991 , Dame 1994 , Childers et al. 2000 .
Although there is no consensus on the magnitude and direction of total (including both particulate and dissolved) organic carbon exchanges between marshes and estuaries, most previous studies indicate that salt marshes export dissolved organic carbon (DOC) to the surrounding estuarine ecosystem (Nixon 1980 , Dankers et al. 1984 , Childers et al. 2000 . Moran et al. (1991) used lignin phenols (vascular plant biomarkers) to show that dissolved material derived from Spartina alterniflora plants in salt marshes can be the source of up to 36% of nearshore DOC and up to 20% of inner-shelf DOC along the Georgia coast. Based on measurements of lignin phenol concentrations, Moran & Hodson (1994) estimated that from 11 to 75% of the dissolved humic substances on the southeastern USA continental shelf originate in vascular-plant-dominated environments, with about equal contributions from coastal salt marshes and river export. Using a stable-isotope tracer approach, Peterson et al. (1994) showed that Spartina patens-dominated salt marshes were a major source of DOC to Fourleague Bay in the Gulf of Mexico. Measurements of tidal exchanges of nutrients in the Rhode River subestuary of the Chesapeake Bay (Jordan et al. 1983) showed that, on a yearly basis, the brackish tidal marshes in this system act as transformers of particulate to dissolved matter, exporting DOC. Further studies by Tzortziou et al. (2008) in the same area revealed that water leaving the Rhode River marshes during ebbing tide is consistently enriched (more than 2-fold) in DOC relative to water entering the marsh during flooding tide. Estimates of DOC fluxes showed a net DOC export from the marsh to the estuary during seasons of both low and high marsh productivity.
Tidal marshes have also been shown to be sources of dissolved inorganic carbon (DIC) to adjacent waters, affecting the magnitude and direction of CO 2 exchange between coastal waters and the atmosphere (Cai & Wang 1998 , Cai et al. 1999 , Raymond et al. 2000 , Neubauer & Anderson 2003 , Wang & Cai 2004 , Borges 2005 . Cai et al. (2000) found that intertidal marshes in the Satilla River along the coast of Georgia are sites of intensive respiration that export DIC to the estuary. According to the authors, although only a small fraction (on the order of 10%) of DIC generated in the marshes is exported to the coastal sea, it represents a nearly 3-fold increase in riverine DIC flux to the ocean. Measurements by Neubauer & Anderson (2003) in a Virginia tidal freshwater marsh-estuarine system showed that DIC concentrations near low tide were from 1.5-to 5-fold enriched compared to high tide concentrations, indicating an export of DIC from the marsh. When extrapolated to an estuary-wide scale, the export of marsh-derived DIC (in the form of carbonate alkalinity) to the York River estuary explained a significant portion (mean ± SD: 47 ± 23%) of excess DIC production in this system.
Recent studies on the effects of tidal marshes on estuarine optical characteristics, light availability and photochemistry have highlighted the importance of these systems as sources of colored dissolved organic matter (CDOM). Using optical and compositional analyses, Tzortziou et al. (2008) demonstrated that brackish marshes have a strong influence on CDOM dynamics in the Rhode River subestuary of the Chesapeake Bay, exporting optically and chemically distinctive, relatively complex, high-molecular-weight (MW), aromatic-rich dissolved organic compounds throughout the year. Marsh-derived CDOM was found to have higher photoreactivity than CDOM in the adjacent estuarine waters (Tzortziou et al. 2007 ). In Southern California, tidally flushed salt marshes were found to be the dominant source of CDOM to coastal waters during the dry season, when there are little to no riverine inputs (Clark et al. 2008) . Based on comparisons between CDOM optical properties measured in the marsh ebb waters vs. marsh-plant leachates, the study concluded that marsh soil is most likely the major source of exported CDOM in that system, with a minor contribution from fresh plant materials.
Relative to information on the amount and direction of tidal exchanges at the marsh-estuary interface, much less is known about the distribution, processing and fate of the distinctive colored dissolved organic compounds derived from marshes once they are exported into the estuary, and the spatial extent to which this marsh 'signature' is distinguishable over the regional estuarine background, affecting optical, biological and biogeochemical variability in the estuary. Addressing this objective, and studying the marsh influence on spatial distributions of inorganic and organic, as well as particulate and dissolved, carbon components were the main goals of our study. In order to resolve spatial gradients associated with marsh outwelling during ebbing tide, high-spatial-resolution measurements of water physicochemical parameters, DOC and DIC concentrations, chl a and CDOM optical properties were performed along several transects extending more than 1500 m in the Rhode River estuary. Spatial gradients associated with individual marshes versus other terrestrial and wetland sources in this system were resolved with additional transects along a shoreline adjacent to both marsh and forest vegetation.
MATERIALS AND METHODS
Site description. Brackish and freshwater tidal marshes cover about 700 km 2 along the shores of the Chesapeake Bay, the largest estuary in the USA and historically one of the most productive in the world (Mencken 1940 , Cestti et al. 2003 . The Rhode River is a turbid, eutrophic subestuary on the western shore of the Chesapeake Bay in Maryland (38.88°N, 76.53°W; Fig. 1) . It is 5.5 km 2 in area, and its average depth is 2 m, with a maximum of 4 m close to the confluence with the Chesapeake Bay. The tidal forcing affecting the subestuary is semi-diurnal. The mean tidal amplitude is 0.3 m, but water level is also affected by weather conditions (Jordan et al. 1986 ). Salinity varies seasonally from 5 to 20 at the mouth of the Rhode River, depending mainly on the flow of the Susquehanna River, and from 0 to 14 at the head, depending mainly on the flow of Muddy Creek, which is the uppermost section of the Rhode River (Fig. 1 ) and the primary tributary and freshwater source to the subestuary (Gallegos et al. 2005) .
Muddy Creek drains a 23 km 2 watershed (Fig. 1) , which is 63% forest, 18% cropland, 13% pasture and 7% residential . Muddy Creek consists of 0.23 km 2 of shallow (less than 1 m deep) mudflat and creeks bordered by intertidal mudflats, low marsh, and 0.22 km 2 of high-elevation marshes (Jordan et al. 1986 ). It should be noted that most of the former low-elevation marshes dominated by Typha angustifolia have become intertidal mudflat due to muskrat foraging (T. E. Jordan pers. comm.).
The high-elevation marshes (from 0.4 to 0.6 m above mean low water) are covered mainly by Spartina patens, S. cynosuroides, Distichlis spicata, Iva frutescens and Schoenoplectus americanus (formerly Scirpus olneyi), and are representative of brackish high marshes of mid-Atlantic North America. The Kirkpatrick marsh, located along the south shoreline of the subestuary, is the largest high-elevation marsh in this system. A smaller high-elevation marsh is Hog Island, extending along the north shoreline of the subestuary (Fig. 1) . The soils at the site are organic (> 80% organic matter) to a depth of ~5 m. Sample collection and in situ measurements. To examine the influence of the Kirkpatrick marsh on estuarine dissolved organic matter (DOM), algal biomass, DIC concentrations and CO 2 dynamics, samples were collected along 4 transects in the upper segment of the Rhode River (Fig. 1) . Sampling was performed during the summer of 2008 (June 16 to July 30), when plant biomass in the marsh was peaking. Weather conditions were drier than the long-term average for June and July (> 20 yr record; US Naval Academy weather station, Annapolis, Maryland), and no large rain events were observed during our sampling period. Variability in precipitation among different sampling days was small, with weekly total rainfall between 0 and 15 mm wk -1 for the 1 wk previous to each transect. The highest daily total rainfall during any of these 1 wk periods was 10 mm d -1
. To capture the spatial distribution of the material flowing out of the marshes to the estuary, all samples were collected at ebbing (near to low) tide.
Sampling along the first transect (Transect A, shown as squares in Fig. 1 ) was performed on June 16. Spatial resolution of the sampling was ~50 m close to the marsh, increasing to 100 and 150 m further away from the marsh influence. The starting point was a weir located at the mouth of the main creek draining the Kirkpatrick marsh (Site A1, at 38.8755°N, 76.5463°W). This creek flows through the marsh into the Muddy Creek mudflat area (Fig. 1) . At Site A5 (located at a distance of 360 m from site A1, and at the center of Muddy Creek's subtidal mudflat), Transect A was divided into 2 legs. The first leg (sampling sites A6 to A14) extended to the Rhode River estuarine basin. Sampling site A14 was located in the mid part of the Rhode River subestuary at a distance of 1.6 km from the Kirkpatrick marsh, and was selected as the estuarine end-member of Transect A, representing estuarine background conditions in this system. Note that the chemical characteristics of the estuarine end-member reflect the influence of wetland, upland and groundwater inputs under relatively well-mixed conditions. The second leg of Transect A (sampling sites A6b to A8b) was extended to the Hog Island high-elevation marshes, cutting across Muddy Creek.
Based on the results of these measurements, sampling along Transect B was performed on July 7 as a higherspatial-resolution sampling of the segment of Transect A that showed the largest gradient in all measured quantities (sampling sites A1 to A4). Spatial resolution of Transect B (10 sampling sites total) was, on average, 25 m. (Transect B is shown as diamonds in Fig. 1 ).
To examine more closely the dynamics of DOM within the marsh before material is tidally flushed into the river, 6 additional samples were collected (on July 17) at high spatial resolution along the creek draining the Kirkpatrick marsh (Transect C). This transect extended from sampling site C1 at 112 m upstream of the marsh weir, to site C6 at 60 m downstream of the weir. The total length of the transect was 172 m, and spatial resolution was, on average, 25 m. (Sampling sites along Transect C are shown as circles in Fig. 1) .
The north shoreline of Muddy Creek is covered by marshes (Hog Island marsh), forests (Fox Point forest) and forests surrounded by marshes (the Hog Island forest; see Fig. 1 ). Sampling along Transect D (triangles in Fig. 1 ) was performed on July 30 along the north shoreline of Muddy Creek, to compare the properties and composition of estuarine CDOM adjacent to marshes versus upland forest vegetation.
Water samples for optical and compositional analysis of DOM were collected in 0.5 l Nalgene bottles and filtered within 3 h of collection through 0.22 μm (pore-diameter) filters. (Samples for DIC analysis were handled differently, as described below.) Filtered water was stored in the dark at 4°C for <1 wk. Samples were warmed to room temperature before optical analysis.
Measurements of salinity and pH were performed on the whole water samples immediately upon collection, using a YSI 556 multiprobe system. Chl a concentrations. Chl a concentrations were measured fluorometrically using EPA Method 445.0, with minor modifications (Arar & Collins 1997) . Sample water (100 ml) was GF/F filtered (47 mm). The filters were then folded and placed into 20 ml scintillation vials. Refrigerated samples were extracted (without grinding) in 10 ml 90% acetone/water (v/v) overnight. Fluorescence of the extract was measured on a Turner Designs 10AU fluorometer. The extract was then acidified with 2 drops 1 N HCl and remeasured. Chl a and phaeo a were calculated from acidified and non-acidified fluorescence values. The absence of chl b-containing organisms, which can interfere with chl a and phaeo a estimates using Method 445.0, was verified by microscopic examination of the samples (S. Hedrick pers. comm.). The fluorometer was calibrated with chl a from spinach (Sigma Chemical).
DOC concentrations. Samples for DOC analysis were filtered through 0.22 μm polycarbonate filters into cleaned (10% HCl/water, v/v) and pre-combusted amber glass bottles. DOC concentrations were determined by high-temperature combustion using a Shimadzu TOC-V CSH Total Organic Carbon Analyzer. Total carbon standard calibration curves were measured according to protocol. Multiple deionized (DI) water blanks were run until background counts were low and steady before proceeding with sample analysis.
Total DIC, CO 2 and HCO 3 -measurements. Samples for DIC analysis were filtered at the time of collection (in the field) through a 0.22 μm filter using a syringe, and were collected into precleaned, acid-washed glass serum vials. The vials were completely filled to exclude air bubbles, sealed with a septum and stored on ice or refrigerated until analysis, which occurred within 24 h of collection. DIC concentrations were determined on the Shimadzu TOC-V CSH Carbon Analyzer after acidification and sparging. CO 2 and HCO 3 -values were calculated from total DIC concentrations, pH, salinity and temperature measurements using the macros in the Microsoft Excel spreadsheet co2sys.xls (Lewis & Wallace 1998 , Pelletier et al. 2007 ) with dissociation constants for estuarine waters from Cai & Wang (1998) and default values for other parameters.
CDOM absorption analysis. Measurements of CDOM absorption were performed using a CARY-IV dual-beam spectrophotometer. Due to the high optical thickness of the samples, absorbance measurements were performed using 1 cm pathlength, acid-cleaned and DI-water-rinsed quartz cuvettes. Measurements were baseline-corrected using DI water. Instrument drift was monitored by measuring a DI-water blank before each sample. Duplicate measurements were performed for each sample. Measurements covered the spectral range from 270 to 750 nm (1 nm bandwidth and interval). CDOM absorption coefficients a CDOM (λ) were estimated from measured optical densities (OD) after multiplying by 2.303 and dividing by the pathlength l g (0.01 m for a 1 cm cuvette) (Kirk 1994) : (1) Since absorption by CDOM decreases exponentially with increasing wavelength, the exponential slope, S CDOM , was estimated after applying non-linear exponential regression to a CDOM (λ) measured in the complete spectral range of the measurements from 270 to 750 nm (Tzortziou et al. 2007) . R 2 values of the nonlinear exponential fits were in all cases > 0.99. The average range between duplicate determinations of S CDOM was 0.0001 nm -1
. In addition, we estimated the spectral slopes in the interval from 275 to 295 nm (S 275-295 ) and from 350 to 400 nm (S 350-400 ), and then estimated the slope ratio S R as the ratio of S 275-295 to S 350-400 following Helms et al. (2008) . S 275-295 and S 350-400 were calculated using linear regression of the log-transformed absorption spectra. Helms et al. (2008) estimated the S 275-295 and S 350-400 slopes using both the log-transformed linear regression and the non-linear regression methods and reported differences <1%.
Whereas variability in CDOM absorption reflects changes in both CDOM amount and chemical structure, variability in the mass-specific CDOM absorption is related only to CDOM composition. Although not all DOC is colored, CDOM absorption at 440 nm was normalized to DOC concentration, a* CDOM (λ) = a CDOM (440) ÷ DOC, as a measure of CDOM absorption per unit DOC concentration.
CDOM fluorescence analysis. Measurements of CDOM fluorescence were made on a SPEX Fluoromax-3 spectrofluorometer (Jobin Yvon Horiba). The fluorescence emission measured by the signal detector S c was referenced to the signal measured by the reference detector R c in order to monitor and correct for fluctuations in the lamp output, in accordance with the manufacturer's protocol. Emission and excitation correction-factor files were applied in accordance with manufacturer instructions to correct for the wavelength dependencies of the optical components of each monochromator and the detectors themselves. Because of the typically high absorption of CDOM in this environment (Tzortziou et al. 2007 (Tzortziou et al. , 2008 , fluorescence spectra were corrected for absorption within the sample (inner-filter effect) in accordance with McKnight et al. (2001) and using the CDOM absorption spectra measured spectrophotometrically. Bandwidths were set to 5 nm for both excitation and emission. A spectrum of DI water was subtracted as a blank to correct for Raman scattering effects.
The synchronous fluorescence (SF) technique was used to investigate variability in composition and optical properties of CDOM in this marsh-estuarine system. An SF spectrum is a subset of the excitationemission matrix in which excitation and emission are at a constant wavelength offset (δλ = λ em -λ exc ) (Lloyd 1971 , Ferrari & Mingazzini 1995 . A wavelength offset of δλ = 14 nm was used in our SF measurements (λ em in the range of 300 to 620 nm, 1 nm resolution), based on previous results showing that this wavelength offset is optimal for resolving differences in CDOM between sources (Belzile et al. 2002) . This wavelength offset is also a good compromise between more structural features and lower signal-to-noise ratios in the SF spectra. The average difference between duplicate measurements of SF was 1.6%.
RESULTS

Salinity and pH
Our sampling along transects in the Rhode River covered a period of 45 d, from June 14 to July 30, 2008.
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Due to relatively dry summer conditions, there was a general increase in salinity over the period ( Fig. 2A) . Salinity at the Kirkpatrick marsh weir (located at the tidal marsh creek end-member and measured during sampling along all 3 transects A, B and C) increased from 5.8 on June 16 (Transect A) to 8.4 on July 17 (Transect C). Spatial variability along each transect was considerably smaller than temporal variability, with salinity varying by 1.7, 0.2, 0.3 and 0.9 along Transects A, B, C and D, respectively. Salinity increased with increasing distance from the marsh ( Fig. 2A) . pH ranged from 6.7 to 7.8. The lowest values were measured consistently within the marsh and at the tidal marsh creek end-member, increasing with distance downstream within the subestuary (Fig. 2B) . Unlike salinity, pH showed no large temporal variability during our sampling period, with high consistency in pH values among the 4 transects. Measured values at the Kirkpatrick marsh weir were 6.8, 6.8 and 6.9 during sampling along Transects A, B and C, respectively.
The spatial gradients we measured in optical and biogeochemical variables along the transects extending from the Kirkpatrick marsh to the Rhode River subestuary are presented below and are shown in 
DIC content and p CO 2
Measurements along Transect A revealed large spatial variability in both DIC content and partial pressure of carbon dioxide (p CO 2 ) levels, with the strongest gradient observed within 215 m of the marsh weir (sampling sites A1 to A4). For this reason, this segment of Transect A was sampled at higher spatial resolution during our sampling along Transects B and C (Fig. 2C,D) . Maximum values of DIC concentration were consistently observed within the Kirkpatrick marsh, reaching 24 mg l -1 at Site C1, which was located the furthest upstream in the tidal marsh creek (Fig. 2C) . This was about twice as high as the DIC concentration of 14 mg l -1 measured at the Rhode River estuarine end-member (Fig. 1D) . Most of the decrease in DIC was observed within a distance of < 300 m from the marsh.
Dissolved CO 2 (pCO 2 ) at the surface of Rhode River estuarine waters was about 950 μatm, almost 2.5 times greater than atmospheric equilibrium (Fig. 2D) . Within the Kirkpatrick marsh, p CO 2 was 10 times higher than its estuarine value, reaching a maximum of > 9690 μatm. Measured p CO 2 at the Kirkpatrick marsh weir varied from 5900 to 8200 μatm (~40% difference) among different transects, suggesting relatively low temporal variability in p CO 2 levels. As in the case of DIC, the strongest gradient in p CO 2 was observed within a distance of < 300 m from the marsh weir.
DOC concentrations
DOC concentrations showed large spatial variability, decreasing with distance from the marsh (Fig. 3A) . DOC within the Kirkpatrick marsh reached a maximum concentration of 10 mg l -1 , more than 3.5 times higher than its estuarine value of 2.8 mg l . A decrease by almost a factor of 2 from 6.5 to 3.4 mg l -1 was observed within a distance of 350 m from the marshland, as marsh-derived material was exported to the Muddy Creek subtidal mudflat and mixed with estuarine water.
CDOM optical properties
Consistent with changes in DOC concentration, CDOM absorption magnitude showed large spatial gradients along transects from the marsh to the Rhode Carder et al. 1989 , Gallegos et al. 2005 ; qualitatively similar results were observed at other wavelengths.) CDOM absorption values were consistent among different transects, despite temporal variability in water physicochemical properties (e.g. salinity, pH, temperature). a CDOM (440) showed a maximum value of 4.3 m -1 within the marsh, decreasing to 3.6 m -1 at the marsh weir (marshestuary interface). CDOM absorption decreased by a factor of more than 3 to 0.98 m -1 within 350 m of the marsh. Background levels of a CDOM (440) in the estuary were ~0.5 m -1
. CDOM fluorescence followed a similar pattern to CDOM absorption. Fluorescence (Exc/Em = 350/364) at the marsh weir was twice as much as that in the center of the Muddy Creek subtidal mudflat (350 m distance from A1) and 2.6 times higher than that in the Rhode River estuary (Fig. 3C) . Like absorption values, measured CDOM fluorescence values were consistent among different transects despite changes in environmental parameters during the 45 d sampling period.
The variability in CDOM absorption and fluorescence magnitude was partly due to variability in DOC concentration. We found strong dependence of the optical parameters on DOC concentration, with correlation coefficients R = 0.91 between DOC and CDOM absorption, and R = 0.92 between DOC and CDOM fluorescence (n = 33).
Despite the strong correlation between a CDOM and DOC, the DOC-specific CDOM absorption, a* CDOM , also decreased from the marsh to the estuary (Fig. 4A) , reflecting changes in the quality and composition of CDOM. a* CDOM (440) in the tidal marsh creek was ~0.55 m 2 g -1 , decreasing by a factor of 2 to 0.25 m 2 g -1 in waters over the Muddy Creek subtidal mudflat (Site A4 at a distance of 215 m from the marsh weir). a* CDOM (440) in the Rhode River estuary (Sites A11 to A15) was on average 0.23 m 2 g -1 (SD = 0.04). Water close to the marsh was also characterized by a considerably lower CDOM absorption spectral slope (Fig. 4B) . S CDOM at the Kirkpatrick marsh weir was on average 0.0153 nm -1 with low variability among transects (SD = 0.0003). Similar values were measured within the marsh, with S CDOM reaching a minimum of 0.0150 nm -1 at the site furthest upstream within the Kirkpatrick marsh creek. S CDOM increased with increasing distance from the marsh to 0.0174 nm -1 at a distance of 215 m from the weir, reaching a value of 0.0186 (SD = 0.0005) at the Rhode River estuarine end-member. The absorption spectral slope ratio, S R , showed a consistent increase along the marshestuarine gradient in all transects. S R ranged from a minimum of 0.86 in the marsh to a maximum value (Fig. 4C) .
A similar pattern to S CDOM was observed in the ratio of CDOM fluorescence to absorption (F:a CDOM ), used here as a measure of the fluorescence yield. A strong correlation was found between S CDOM and F:a CDOM (R = 0.99, n = 33). F:a CDOM close to the marsh was relatively low, increasing by more than a factor of 2 in the Rhode River estuary (Fig. 4D) . As in the case of S CDOM , temporal variability in F:a CDOM among transects was relatively small.
Chl a concentrations
Chl a distribution followed a different pattern from DOC distribution (Fig. 3D) . Concentrations along the tidal creek draining the Kirkpatrick marsh had an average value of 9.7 μg l -1 (SD = 6.6). These were significantly lower than the chl a values of 25.5 μg l -1 measured at the Rhode River estuarine end-member (Site A14). Maximum chl a amounts were observed in the Muddy Creek mudflat area, with concentrations reaching 43 and 56 μg l -1 at Sites A5 and A6b, respectively.
Marsh to marsh transect
To examine the spatial variability in water properties along a transect connecting 2 different marsh systems in the Rhode River, the second leg of Transect A was extended from the Kirkpatrick marsh to the Hog Island marsh across Muddy Creek's subtidal mudflat (Fig. 1) . The Hog Island marsh is a brackish high-elevation marsh with similar vegetation characteristics to the Kirkpatrick marsh. DOC concentration along this segment of Transect A decreased from 5.34 mg l -1 at the Kirkpatrick marsh shoreline to a minimum of 3.37 mg l -1 at the center of the Muddy Creek mudflat (Site A5), increasing to 5.27 mg l -1 at the Hog Island marsh shoreline (Fig. 5A) . a CDOM (440) decreased from a maximum value of 3 m -1 at the Kirkpatrick marsh weir, to a minimum value of 0.98 m -1 at the centre of the Muddy Creek mudflat, and then increased to 2.97 m -1 close to the Hog Island marsh (Fig. 5A ). These changes in DOC and a CDOM were due to changes in both quantity and quality of CDOM, since the DOC-specific CDOM absorption, a* CDOM (440), changed from 0.5618 to 0.2908 to 0.5636 m 2 g -1 at the 3 sampling sites. Consistent with changes in a* CDOM (440), S CDOM was 0.0155 nm -1 for CDOM samples collected from the Kirkpatrick marsh weir, increasing to 0.0177 nm -1 at the centre of the Muddy Creek mudflat, then decreasing to a minimum value of 0.0136 nm -1 at the Hog Island marsh (Fig. 5B) . A similar pattern to S CDOM was observed in F:a CDOM . Chl a concentrations were less than 10 μg l -1 at the marsh weir, increasing to a maximum value of 56 μg l -1 at Site A6b in the Muddy Creek mudflat, and then decreasing to a range of 25 to 30 μg l -1 close to the Hog Island marsh (Fig. 5C ). Over the mudflat region, chl a and phaeo a were closely correlated. In contrast, over sites A1 to A3 in and near the Kirkpatrick marsh, chl a and phaeo a showed an inverse relationship (Fig. 5C ). , with maximum values observed along the Hog Island shoreline and minimum values at Site D10 along the Fox Island forest shoreline. CDOM absorption and fluorescence magnitude were considerably higher in the area influenced by the Hog Island marshes (Sites D3 to D7), gradually decreasing towards the Fox Point forest shoreline. CDOM absorption at 440 nm was 0.82 m -1 at Site D12, almost 2 times lower than the a CDOM (440) values measured in the marsh region. S CDOM and F:a CDOM showed an opposite trend relative to CDOM absorption and fluorescence magnitude. S CDOM was considerably lower (0.0171 nm -1 ) along the Hog island marsh shoreline, increasing to 0.0185 nm -1 at Sites D11 and D12. F:a CDOM was, again, strongly correlated with S CDOM (R = 0.98).
Variability along watershed shoreline
Mixing processes
The absorption magnitude and spectral slope of CDOM are shown in Fig. 7 as a function of salinity in the Rhode River estuary-watershed complex for measurements along Transect A. Changes in DOC and F:a CDOM with salinity followed very similar patterns to a CDOM and S CDOM , respectively (data not shown). The theoretical dilution line (from Site A1 to A14) joining the 2 end-member concentrations of marsh-versus estuarine-CDOM (solid line in Figs. 7A & 7B) represents conservative mixing with salinity from the marsh to the estuary. The apparent non-conservative pattern could be the result of CDOM removal mechanisms due to photochemical and microbial processes. However, it could also be the result of mixing with a third source of approximately equal salinity but qualitatively different CDOM in the system, from upstream Muddy Creek (Fig. 1) . In the center of the Muddy Creek mudflat (our Sites A5 and A6b) we observed a mixture of terrestrial CDOM (i.e. water from the upper reaches of Muddy Creek and forest-derived material) and marsh CDOM (i.e. exported from the Kirkpatrick and Hog Island marshes). If we consider this mixture as being derived from a combined terrestrial/marsh end-member for the second half of Transect A (from Sites A5 and A6b to A14), we can then derive a second theoretical dilution line representing conservative mixing between terrestrial/marsh and estuarine end-members from the mudflat to the estuary (dashed line in Fig. 7A,B) . We found that the measured CDOM absorption properties were in good agreement with the mixing curves representing conservative behavior for this section of the transect. The characteristics of this terrestrial/marsh source are suggested by extrapolation of the conservative mixing line to the same minimum salinity observed in the marsh transect (dotted line in Fig. 7) . Conservative mixing for these CDOM properties was also observed along the shoreline portion of Transect D (Fig. 7C,D) . The low salinity end-member in these transects was similar to the extrapolated values in Fig. 7A ,B.
DISCUSSION
Long recognized as among the most productive ecosystems in the world, tidal marshes have been previously shown to affect fluxes of carbon and nutrients in adjacent estuaries and the atmosphere (Teal 1962 , Valiela et al. 1973 , Cai et al. 1999 , Childers et al. 2000 , Megonigal & Neubauer 2009 ). However, uncertainties regarding the direction of some of these fluxes, the composition and degradability of materials exported, and the possible contributions, or interferences, of adjacent ecosystems (e.g. mudflats) to marsh nutrient release often result in uncertainties regarding the influence of marsh tidal exchanges on biogeochemical gradients in the estuary. Our high-spatial-resolution transects in the Rhode River estuary-marsh complex of the Chesapeake Bay revealed large spatial gradients in water optical properties and concentrations of materials, associated with exchanges of dissolved and particulate organic compounds, DIC, and CO 2 between the marsh, the estuary and the atmosphere. The change in salinity along each individual transect (and particularly within the Kirkpatrick marsh) was relatively small, reflecting limited input of freshwater from the Muddy Creek watershed during our study ( Fig. 2A,B) . Larger salinity changes were observed among the transects, reflecting temporal variability in environmental parameters such as rainfall and temperature. Because salinity affects rates of alkalinitygenerating processes such as sulfate reduction (Chen & Wang 1999) , these changes in salinity have the potential to affect the dynamics of marsh DIC cycling (Fig. 2C,D) . However, consistently lower pH values (~6.8) in the tidal creek draining Kirkpatrick marsh as compared to the estuary (~7.8), and the relatively small temporal variability observed in pH, indicate that such effects are small compared to the input of more acidic water from the marshes to the estuary, possibly associated with the higher concentrations of DOC, which are rich in weak organic acids, and supersaturated pCO 2 . Indeed, the temporal variability in environmental parameters was not reflected in the DOC or CDOM measurements.
Marsh influence on dissolved and particulate organic carbon dynamics
Organic carbon dynamics in the eutrophic Rhode River subestuary are affected by many sources, including seasonal in situ biological activity, atmospheric deposition, and inputs from Muddy Creek, groundwater draining from the watershed, and marshes , Gallegos et al. 2005 . Continuous monitoring of tidal exchanges in the Kirkpatrick marsh over a 3 yr period (1987 to 1989) by revealed a net export of total organic carbon . About 40% of this export was attributed to atmospheric and watershed inputs to the marsh, with the rest originating from the marsh itself. Due to the sampling methods used, the authors were not able to distinguish between particulate organic carbon (POC) and DOC fractions. Subsequent work at the site during 2004 and 2005 by Tzortziou et al. (2008) focused on the DOC component and revealed a net DOC export from the marsh to estuary that occurred consistently during seasons of both low and high marsh plant productivity. Tzortziou et al. reported that, during their sampling in July 2004, water draining the marshes was more than 2-fold enriched in DOC relative to the estuary, with DOC concentrations in the range of 10.9 to 13.5 mg l -1
. These values are in good agreement with our results at the marsh end-member of our transect, despite the fact that sampling was performed in different years (Fig. 3A) . Similarly, our DOC values for the estuarine end-member of Transect A are consistent with results from a 2 yr data set collected from 2004 to 2005 (T. E. Jordan unpubl. data), showing that average DOC concentration in the estuarine waters close to our Site A8 (Fig. 1) was about 4 mg l -1 (SD = 1.44).
Although most studied tidal marsh systems seem to act as sources of DOC (Nixon 1980 , Childers et al. 2000 , higher variability has been reported in the rates and direction of particle exchange between marsh and estuarine environments (Tobias & Neubauer 2009 ). Our measurements revealed different patterns in the spatial gradients of DOC and algal biomass (chl a) in the Rhode River estuary. Although water draining from the Kirkpatrick marshes was clearly enriched in DOC, it was depleted in chl a, with concentrations in the marsh less than half those in the estuarine waters (Fig. 3D) . Net import of chl a during tidal exchanges has been reported for other marsh systems, both in freshwater estuaries (Van Damme et al. 2009 ) and in coastal environments (Moll 1977) . The trend of increasing phaeo a, produced by degradation of chl a, within the marsh tidal creek indicates that some chl a decrease is due to loss processes within the marsh, such as grazing. Consistent with our results, Jordan et al. (1983) found that, on a yearly average, the highelevation marshes in the Rhode River subestuary tend to trap particulate matter and export dissolved nutrients. This release of dissolved nutrients from the marshes and surrounding watershed could influence biological activity in the adjacent Muddy Creek mudflat. Along our transects, chl a reached maximum values in the shallow waters above the Muddy Creek subtidal mudflat, with concentrations twice as large as those at the estuarine end-member (Fig. 3D ) and more than 4 times higher than those in the vicinity of the Kirkpatrick and Hog Island marshes (Fig. 5C ). The role of the Muddy Creek subtidal mudflat as a sink for dissolved nutrients in the Rhode River subestuary was evidenced by measurements in Jordan et al. (1983) . Similarly, measurements by Welsh (1980) in a New England salt marsh-mudflat ecosystem showed that the intertidal mudflat was primarily an area of trapping and removal of nutrients released from the marsh, due to uptake by geochemical or biological activity of the sediments and benthic communities. However, the close correlation of chl a with phaeo a within Muddy Creek suggests that the relative balance between production (growth) and loss (grazing, senescence) processes did not vary over the mudflat region. Other processes, including concentration of particles by convergent circulation patterns or resuspension of microphytobenthos, might also be responsible for the chl a peak we observed in the center of the Muddy Creek subtidal mudflat.
Marsh influence on estuarine CDOM dynamics
Even more pronounced than the effects on estuarine organic carbon fluxes was the influence of the marshes on estuarine water optical properties and CDOM dynamics (Fig. 3B,C) . This is because the DOM exported from these tidal marshes is not only enriched in DOC but it is also characterized by a high content of high-MW, aromatic-rich and strongly absorbing humic compounds relative to estuarine DOM (Tzortziou et al. 2008) . The relatively strong correlations we found between DOC and CDOM absorption (R = 0.91), as well as between DOC and fluorescence magnitude (R = 0.92), suggest that CDOM could be used as a relatively good proxy for DOC concentrations in this system, allowing for automated and continuous monitoring of DOC fluxes using optical sensors. However, only about half of the observed range in a CDOM (440) was due to variation in DOC concentration (Fig. 3A) . The other half was due to parallel variation in the DOCspecific CDOM absorption along the estuarine gradient (Fig. 4A) , associated with changes in the quality and relative amounts of DOM from different sources in this system. DOM in the Rhode River estuarine waters is a complex mixture of material derived from in situ biological activity and inputs from the local watershed and wetlands of Muddy Creek (Gallegos et al. 2005) . CDOM exported from the Kirkpatrick marsh has been previously shown to be optically distinctive compared to this estuarine material, with relatively higher DOCspecific absorption, lower fluorescence per unit absorbance, and a relatively lower absorption spectral slope (Tzortziou et al. 2008) . Our measurements along the north Muddy Creek shoreline further show that marsh-exported CDOM has a distinctive optical signature even compared to CDOM derived from other terrestrial sources (e.g. forest vegetation) in this system. Both S CDOM and F:a CDOM (highly correlated for all measurements in our study; R = 0.99) were considerably lower in the water influenced by export from the Kirkpatrick and Hog Island marshes than in the water influenced by the forested shoreline at Fox Point (Transect D, Fig. 6 ). The 2 quantities have been proposed as tracers of DOM molecular size, both typically being lower for higher-MW humic substances (Stewart & Wetzel 1980 , Markager & Vincent 2000 , Twardowski et al. 2004 , Belzile & Guo 2006 , Tzortziou et al. 2008 . The slope ratio, S R , has also been found to be inversely related to DOM MW over a broad range of size-fractionated natural organic matter samples (Helms et al. 2008) . The lower S R values we measured for marsh-exported relative to estuarine CDOM (Fig. 4C ) are consistent with our S CDOM and F:a CDOM results and further indicate that water draining off the marshes is enriched in relatively high-MW, humic DOC. Steep optical gradients, associated with these differences in CDOM properties and with composition of the marshes and other sources of CDOM in this system, were observed within the first 300 to 400 m from the marsh. However, the marsh optical 'signature' was distinguishable from the regional estuarine background over a distance of more than 1 km into the river (Fig. 4) , suggesting that marsh-exported CDOM influences estuarine optical (and thus biogeochemical) variability considerably beyond the marsh-estuary interface.
Comparisons of our measurements of CDOM spectral properties with those of previous studies in the same waters allow us to assess seasonal and year-toyear variability in the quality of marsh-exported material. Measurements over a 3 yr period covering the months of April to October (from 1999 October (from to 2001 C. L. Gallegos unpubl. data) showed that average S CDOM close to our Site A8 was 0.0177 nm -1 (SD = 0.0012) compared to our S CDOM of 0.0182 nm (SD = 0.0005). The low standard deviation and the strong agreement between the S CDOM values reported in the 2 studies suggest that the quality and composition of CDOM exported from the Kirkpatrick marshes remain remarkably consistent throughout the year, as well as from year to year. The low seasonal variability in marsh CDOM export occurs despite dramatic seasonal variation in marsh plant activity, indicating that marsh soils play a critical role in regulating tidal exchanges, acting as reactors that process plant production into DOC and as reservoirs that release it at a relatively constant rate. Pore waters have been suggested as a major source of CDOM to adjacent estuaries in mangrove environments (Tremblay et al. 2007) and in Southern Californian salt marshes (Clark et al. 2008) .
Marsh export of DIC
Most research on tidal marsh outwelling has focused on nutrient or organic carbon exchange, with relatively little attention to inorganic carbon fluxes. A growing body of research shows that pCO 2 , DIC and alkalinity concentrations in estuaries often exceed those expected from the conservative mixing of coastal and riverine sources (Cai et al. 2000 , Raymond et al. 2000 , Cai et al. 2003 , Jiang et al. 2008 . Tidal marshes have been proposed as a quantitatively important source of this 'excess' inorganic carbon (Cai & Wang 1998 ), but mineralization of organic carbon (Frankignoulle et al. 1998) and in situ anaerobic sediment respiration (Raymond et al. 2000) have also been proposed as dominant sources of inorganic carbon. These sources are not mutually exclusive, but the evidence supporting them, such as mass balance calculations, is largely circumstantial. More direct evidence for marsh export of DIC was provided by Neubauer & Anderson (2003) , who observed that the DIC concentration in a creek draining a tidal freshwater marsh was up to 5-fold higher at low tide than at high tide, suggesting that export of marsh-derived DIC could explain 47% of excess DIC production in the York River, USA. In the present study, p CO 2 and DIC concentration increased dramatically with proximity to the marsh (Fig. 2) , providing further direct evidence that tidal wetlands are a source of inorganic carbon. The relationship of p CO 2 and DIC concentration to marsh proximity is not explained by conservative mixing because salinity did not vary appreciably along Transects B and C, and salinity varied inversely to DIC along Transect A. The rapid decline in p CO 2 and DIC concentration with increasing distance from the marsh was probably due in large part to mixing, as the DOC data would suggest. In addition, since the p CO 2 values are much above equilibrium values, CO 2 was degassing to the atmosphere with a concomitant shift in the carbonate system equilibrium.
Mixing and degradation processes
Our measurements of CDOM properties from the Muddy Creek mudflat to the Rhode River estuarine end-member showed conservative mixing based on salinity along that section of the transect (Fig. 7A,B) . Good agreement was also found between our measurements and the theoretical line representing conservative mixing along the watershed shoreline of Muddy Greek (Fig. 7C,D) . These results suggest that a portion of the marsh DOM exported to the Muddy Creek mudflat consists of relatively refractory compounds that through conservative mixing become part of the 'background' estuarine DOM, and that the effect of marshes on estuarine water chemistry persists at much larger spatial scales in the estuary than our transects could demonstrate (Cai et al. 2003) .
Previous studies showing that tidal marshes are significant sources of relatively refractory lignin-rich humic substances to nearshore and continental shelf waters (e.g. Moran et al. 1991 , Moran & Hodson 1994 are consistent with these results. However, when considering the full extent of the estuarine gradient from the marshland to the estuary (solid line in Fig. 7A,B) , both DOC and CDOM were lower, while S CDOM and F:a CDOM were higher, as compared to conservative mixing between the 2 end-members. This non-conservative behavior of DOC and CDOM with salinity could be the result of intense processing of the relatively labile marsh-DOM components, resulting in both removal (DOC losses) and transformation (CDOM spectral changes) of marsh-exported material within a few hundred meters of the marsh. Consistent with this interpretation, previous studies have shown that marsh-exported CDOM has relatively strong photoreactivity and thus strong susceptibility to photochemical and subsequent microbial degradation as compared to the less photoreactive (and probably already photobleached) estuarine CDOM (Tzortziou et al. 2007 ). The apparent non-conservative behavior of DOM along Transect A could also be due to mixing with a third source of DOM from upstream Muddy Creek. Muddy Creek input has a salinity similar to that of water draining the marshes, but different CDOM characteristics. Measurements by Tzortziou et al. (2007) ) as compared to marsh-derived CDOMresults that are all indicative of lower-MW compounds. The S CDOM value of 0.0168 nm -1 for Muddy Creek CDOM would be consistent with the value of 0.0172 nm -1 that we derived by extrapolation of the theoretical dilution line representing conservative mixing between the terrestrial/marsh mixture and the estuarine end-member (dotted line in Fig. 7A,B) .
The observed increase in S R along the full extent of the Rhode River estuarine gradient is consistent both with mixing with Muddy Creek CDOM (of lower MW and thus higher S R ) and with photochemical transformation of marsh-derived CDOM. In agreement with Helms et al. (2008) , preliminary experiments by our group (unpubl. data) show that S R is a good indicator of CDOM photochemical versus microbial processing. In all our experiments using marsh-derived and estuarine CDOM, microbial alteration resulted in a decrease in S R while photochemical degradation had the opposite effect, resulting in S R increases. Thus, our measurements along the full extent of the Rhode River estuarine gradient would be consistent with photodegradation being the dominant transformation process of the labile marsh-DOM components over short time-scales, while microbial degradation seems to be more important for mineralization and at larger and longer scales. Using a box model based on watershed inputs and chloride distributions, ). This estimate applies to exchange between Muddy Creek upstream of our Site A8 and the lower estuary. This corresponds to an average exchange with the lower estuary of 5.1 × 10 4 m 3 d -1 . These results indicate that the retention time in this system is long enough that CDOM levels would be expected to be much higher than observed in our transects if conservative mixing was the only process influencing changes in concentration. Rather, the observed gradients seem to be the result of a combination of mixing, photochemical degradation, and subsequent microbial degradation. Detailed modeling of these processes would be required to better quantify their relative importance in this system. The Chesapeake Bay estuary and its watershed have been subject to considerable anthropogenic pressure over the past century, associated with increased human population. Large areas of tidal wetlands continue to be damaged or lost due to development, filling, dredging and other anthropogenic disturbances, while projected global sea level rise due to climate change poses a significant threat for coastal marsh ecosystems. Understanding the influence of tidal marshes on estuarine nutrient dynamics and biogeochemical gradients has become increasingly important for projecting the influence of both continued disturbance and restoration efforts on estuarine ecosystems. The high marshes in the Rhode River subestuary are representative of brackish high marshes of mid-Atlantic North America . Our results illustrate that these tidal marshes are a major source of DOC, DIC and p CO 2 to the adjacent estuary and atmosphere, and may trap algae and probably other suspended particulate matter while they release high-MW, aromatic, humic-rich, colored dissolved organic compounds into the estuary through tidal flushing. Despite the possible role of the adjacent subtidal mudflat as a sink for some of the dissolved nutrients released from the marshes, the marsh 'optical signature' was distinguishable from the regional estuarine background over a distance of more than 1 km into the river, suggesting that tidal marsh outwelling of DOC exerts a strong influence on estuarine optical, biological and biogeochemical variability considerably beyond the marsh-estuary interface. 
